In species with biparental care and lifetime monogamy, the fecundity of a male's partner can be a major component of his fitness but it is unclear whether males can assess female fecundity before breeding. We carried out an experiment in which we measured variation in female fecundity (repeatability 39%, 213 females) in a captive zebra finch population and tested whether males preferred unfamiliar females of high fecundity (approximately top 10% of the population; 30 eggs laid on average) over those of low fecundity (bottom 10%; 6 eggs). We first tested whether naïve human observers could identify the high-fecundity female when confronted with duos of high and low fecundity. Humans guessed correctly in 58% of the cases (95% confidence interval [CI] 50-66%) indicating that differences in female condition were not highly obvious to humans. Zebra finch males preferred the high-fecundity female in 59% of choice tests that lasted 20 min (CI 52-66%). When extending such choice tests over several days, male "success" in associating with the high-fecundity female was still modest (61% correct choices, CI 44-76%). Overall, male zebra finches seem to have only limited abilities to identify the better mate when faced with a choice between extremes in terms of female fecundity. We found no male preference for heavier females. We speculate that such a preference may not have evolved because, in contrast to many ectothermic species, predicting fecundity from female weight is not sufficiently accurate (r 2 = 0.04) for the benefits to outweigh the costs of increased male-male competition for heavy females.
INTRODUCTION
Over the last 4 decades, there has been a lively interest in the study of mate choice (Andersson 1994; Andersson and Simmons 2006; Charmantier and Sheldon 2006) . In general, the sex that makes the greater reproductive investment should be the choosier sex (Trivers 1972; Clutton-Brock and Parker 1992) and in most cases, this is the female (Andersson 1994) . Indeed, female mate choice has been studied extensively, particularly regarding potential benefits, such as "good gene benefits" (Zahavi 1977; von Schantz et al. 1999) , "sexy son benefits" (Houde and Endler 1990) , and direct benefits in terms of ensuring male fertility (Sheldon 1994; Mautz et al. 2013) or parental care (Hoelzer 1989; Alonzo 2012) .
In species where males invest substantially in parental care, males are also expected to be choosy (Andersson 1994; Smiseth and Amundsen 2000) . A preference for females of high fecundity may translate into substantial fitness gains for males (Edward and Chapman 2012) , particularly in lifetime monogamous species where males typically reproduce only with a single female (Monaghan et al. 1996; Jones et al. 2001 ). However, relatively few studies have addressed male mate choice (Jones and Hunter 1993; Torres and Velando 2005; Griggio et al. 2009; Edward and Chapman 2011) .
Although the potential benefits from male choice for highly fecund females are relatively large, directional selection via male mate choice requires an indicator trait that reliably signals female fecundity. In many taxonomic groups, in particular in ectotherms, females vary substantially in body size (e.g., Willemsen and Hailey 1999; Koops et al. 2004; Long et al. 2009 ) and this variation is often tightly correlated with variation in female fecundity (e.g., Bonduriansky 2001; Koops et al. 2004) . Accordingly, male mate preferences for larger females have been well documented in at least some ectothermic species including insects (Edward and Chapman 2012) , fish (Cote and Hunte 1989; Pelabon et al. 2003) , amphibians (Arntzen 1999) , and reptiles (Swierk et al. 2013) . Endotherms, in contrast, typically show less variation in body size of adult (reproductively active) females (e.g., Zedrosser et al. 2006 ) and body size is typically a poor predictor of female fecundity (Jensen et al. 2004 ). In such species, reliable cues to female fecundity might not exist or they may be less obvious (to the researcher).
Experimental work on lifetime monogamous zebra finches, Taeniopygia guttata, has shown that males preferred females whose fecundity had been boosted by a high-protein diet (Monaghan et al. 1996; Jones et al. 2001) . However, it remained unclear how males were able to assess female fecundity. Protein-supplemented females may have sent out behavioral signals indicating an increased readiness to mate and breed or diet may have affected female body mass, which males might have perceived during female movements or other female visual or even olfactory traits. It also remained unclear whether the demonstrated ability to identify protein-supplemented females would extend to an ability to assess nonexperimental variation in female fecundity that exists under a standardized diet.
The main aim of our study was to address these issues, by quantifying the extent to which male zebra finches are able to perceive normal variation in female fecundity using a 2-way choice paradigm. To maximize our ability to detect any effect on male mate choice, we selected stimulus females for the choice tests that differed markedly in fecundity. Specifically, we selected from the top and the bottom 10% of the population distribution in fecundity. Our experiment made use of another study where fecundity had been measured twice under standardized conditions in 4 successive groups of 54 females. This allowed us to conduct 2 identical replicates of the choice experiment (with females selected from a pool of 108 individuals in each replicate), in order to examine the reliability of our findings (Amundsen 2000; Nakagawa and Parker 2015) . Moreover, we presented duos of high-versus low-fecundity females to naive human observers asking them to guess which of the 2 females is of high fecundity. This was done to investigate whether the 2 types of females differed in any way that is obvious to humans (e.g., differences in plumage condition or signs of sickness).
MATERIAL AND METHODS

Population and assessment of female fecundity
Details about our study population of domesticated zebra finches and about how we assessed them for variation in female fecundity are presented in the Supplementary Material. In brief, females were given the opportunity to lay eggs over a 7-week period in communal breeding aviaries that allowed free mate choice (aviaries contained 6 males and 6 females). All eggs were collected for parentage assignment and replaced with plastic eggs. Clutches of plastic eggs were removed after 10 days of incubation to allow the female to lay the next clutch. This 7-week breeding period was repeated with a different set of potential partners, which allowed us to quantify the repeatability of female fecundity. Birds were observed daily to derive 2 parameters of pairing success: the number of days that a female was socially paired ("days paired") and the exclusivity of her partner showing such pair bonding behavior only with her ("female share"). Daily nest checks combined with behavioral observations allowed us to assign 95% of all eggs laid (3840 out of 4041) to social parents that attended the respective nest. Social assignment of eggs was the basis on which we selected females of low and high fecundity ("estimated fecundity"). "True fecundity" was only assessed after the choice experiments by parentage analysis using 15 microsatellite markers (see Supplementary Table S1 ). Female age at the start of the breeding experiment (range 269-939 days) was a significant predictor of true fecundity (r = −0.14, n = 213 females, P = 0.044). This decline in fecundity with age suggests that males might benefit from preferring young females. Hence, age was considered in the analysis of choice tests (see below).
Fecundity analysis and selection of stimulus females
Within each replicate, we assessed individual differences in "estimated fecundity" using a mixed-effect model, with the number of eggs laid per 7-week breeding round as the dependent variable, with female identity (ID) as a random effect, and controlling for the fixed effects "breeding round," "days paired," and "female share." We used the "best linear unbiased predictors" (BLUPs) of fecundity for all females that were still alive and not obviously sick (replicate 1: n = 101, replicate 2: n = 94) to select the top and bottom 10 females within each replicate. By selecting 10 high-and 10 low-fecundity females according to their BLUPs in each replicate we identified females that had laid the most and the fewest eggs after controlling for their social pairing situation. For low-fecundity females, the model hence allowed us to identify those that laid few eggs despite being paired, rather than those that failed to pair and laid few eggs because of that. By using this approach, we might have missed some low-fecundity females but their true fecundity would have been uncertain and these females might be behaviorally peculiar (in each round, there were about 5 such females who were often unpaired and laid fewer eggs than some of the paired females that we selected). For high-fecundity females, this approach of fitting "days paired" as a fixed effect did not affect which of the females were selected, because most females (and all high-fecundity ones) paired soon after starting the experiment.
Then we formed 10 duos of stimulus females within each of the 2 replicates to be used in all choice tests by randomly combining 1 high-and 1 low-fecundity female. The above mixed-effect models were based on "estimated fecundity" but the parentage analysis confirmed that we had correctly identified duos of females with large differences in true fecundity (see Results for details, Table 1 ).
Two-way choice tests: male and female behavior
Before the start of choice tests, we weighed all females (nearest 0.1 g) and measured beak coloration using spectrophotometry. Six main characteristics of the reflectance spectrum were summarized to a discriminant axis score that separates the sexes as described in (Bolund et al. 2007; Schielzeth et al. 2012) , with high values referring to male-like red coloration and low values to femalelike orange. Body mass and beak color are condition-dependent traits affected by early growth conditions and inbreeding (Bolund, Martin, et al. 2010; , with higher mass and redder beaks indicating better condition. We calculated the difference in body mass, beak color scores, and age between the females of a duo (high fecundity minus low fecundity) and assessed its explanatory value for male preference for high-fecundity females. We expected that males would prefer females with higher mass, redder beaks, and younger females.
For each of the 20 female duos, we randomly selected 6 test males (120 different males in total). These males had the same background experience as the females, that is, they had participated in the aviary breeding experiment used for the assessment of female fecundity. However, we ensured that the 6 test males in each group were unfamiliar with and not closely related to both females they were exposed to in the choice experiment. Given that there was no significant difference in inbreeding coefficient between high-and low-fecundity females (F ± SD of high-fecundity females: 0.09 ± 0.05, low fecundity: 0.11 ± 0.06, t = −0.94, df = 19, P = 0.36) and zebra finches have no ability to judge relatedness beyond familiarity (Ihle and Forstmeier 2013) , we did not consider inbreeding and relatedness further in this study.
Within each replicate, all 2-way choice tests took place over the course of 3 weeks. For each female duo, the 3 weeks of testing were arranged as follows (with the 6 test males designated as A-F): 1 test of 20 min per day, 4 tests from Monday to Thursday in each week, encountering males A-B-A-B in week 1, C-D-C-D in week 2, and E-F-E-F in week 3. The test order of the 10 duos within each day was randomized. We tested each male with the same duo twice (2 days apart) to allow calculating the repeatability of male preference for a particular female within the duo. Each choice test was composed of 2 halves of 10 min, whereby females were swapped between cages at halftime allowing us to differentiate between male preference and male side-bias. We allocated females randomly to cages at the start of a choice test and the observer of male and female behavior was blind to the information on female fecundity.
In replicate 1, 2 low-fecundity females died during the course of testing (1 by accident just before test #4 of 12, 1 naturally just before test #9 of 12) leading to the cancellation of 13 choice tests, leaving 227 tests involving 114 males.
The 2-way choice chamber used is a classical mate choice set-up (Supplementary Figure S1A) where the choosing male can spend time in the neutral zone where food is provided or can approach 1 of the females at either end of the apparatus while remaining separated from the female by wire mesh. Mate preference was assessed by recording the amount of time that a male spent outside the neutral zone with each female, facing the female and being active, which typically included directed courtship song (not counted is time spent inactively or facing away from the female, following [Rutstein et al. 2007] ). In order to test whether more active males or males that were more interested in assessing or courting females made better choices, we summed up the times that males spent with each of the 2 females over the 20 min test period ("choosing motivation") and used it as an explanatory variable. The response variable of interest was calculated as the relative time each male spent with the high-fecundity female (ranging from 0 to 1, expected mean under the null hypothesis = 0.5). In 6 out of 227 tests, the male did not leave the neutral zone (4 tests where the male was active in the neutral zone, 2 tests where the male was completely inactive) leaving 221 informative tests involving 113 males.
During each choice test, the observer (D.W.) also recorded female responsiveness to the male, ranging from 0 (no signs of interest) to 1 (copulation solicitation), with intermediate values given for more moderate signs of interest (paying attention, beak wiping, hopping in courtship display with head, and tail bent towards the male). Depending on the intensity and duration of such signals, a score to the nearest 0.1 was given to each of the 2 females for each 10 min period of the trial (realized range of scores 0-0.8).
The average scores for each female over the two 10 min periods showed an individual repeatability of 0.44 across the (usually) 12 tests per female (n = 452 scores, n = 40 females). For each 20 min test, we calculated the difference in responsiveness between the high-and low-fecundity female and assessed its explanatory value for the proportion of time males associated with the high-fecundity female.
Two-way choice tests: nest-building
To study how often males would actually end up paired to the high-fecundity female when allowed enough time to choose, we conducted another choice experiment where males were given the opportunity (a 10-day period) to build a nest for each of the 2 females. For this purpose, we added 2 nest boxes on each side of 2-way choice chamber, 1 accessible to the male only, 1 accessible to the female only (Supplementary Figures S1B, S2). Both sexes had used these boxes in the aviary breeding experiment. This setup allowed the potential partners to sit next to each other, initially separated only by wires, but at a later stage-after the male built a nest-also by nest material (see Supplementary Figure S2 ). The bottom of all nest boxes had been filled with hay before the start of the experiment and each male had access to coconut fibres in the neutral zone to build a nest. Every day of the 10-day experiment we recorded the approximate number of coconut fibres in each of the 2 nests of the male, as well as the number of eggs in each of the females' nests. Male preference was scored on a daily basis according to nest size (judged by the difference in total accumulated fibres in the 2 nests). However, for analysis, we scored whether the high-fecundity female was chosen (referred to as the binomial variable "correct choice": 0 or 1) based on the relative nest size on the day before the first egg was laid (by 1 of the 2 females or on day 10 if no eggs were laid).
Each female duo (n = 8, n = 10 in replicate 1 and 2) was tested with 3 out of the 6 males that participated in the previous choice chamber experiment (always choosing 1 randomly from each week). Tests were done in the same order as before (e.g., A, C, F) but with a 10-16 days break in between tests with successive males. Up to 10 duos were tested simultaneously. In 52 out 54 trials, males built nests before 1 of the females started laying and at least 1 female laid an egg in 49 out of 54 trials. 6.8 ± 1.4 (5.6-9.2) 29.4 ± 1.2 (27-31) 8 3.3 ± 1.5 (0-4.7) Low 10 2.8 ± 3.9 (0-10) −9.1 ± 2.6 (−13-−6.3) 5.2 ± 4.5 (0-15) 8 0.5 ± 0.8 (0-2.3) Replicate 2 High 10 29.9 ± 4.1 (22-37) 5.0 ± 1.1 (3.6-7.6) 29.8 ± 3.7 (23-35) 10 2.1 ± 1.3 (0.3-4.3) Low 10 4.2 ± 4.2 (0-12) −6.0 ± 2.2 (−9.5-−3.7) 6.2 ± 6.6 (0-18) 10 0.8 ± 1.2 (0-4)
The "estimated fecundity" refers to the total number of eggs assigned to individual females (before parentage analysis), whereas "true fecundity" refers to assignment after parentage analysis (including infertile eggs that are still only socially assigned, see Methods for details). Females had been selected according to their BLUPs from the models shown in Supplementary Table S3 . Here, these BLUPs are shown multiplied by 2 in order to reflect expectations for the sum of both breeding rounds (expected total number of eggs relative to the population mean). Egg-laying patterns of all selected females in the experiment are shown in Supplementary Figure S3 . The last column shows the average number of eggs that the females laid during the nest-building experiment per experimental test (averaged across 3 choice tests for each female).
Human rating of female fecundity
Potentially, there might be obvious differences (e.g., in plumage condition or visible signs of sickness) between the selected high-and low-fecundity females. To investigate whether highfecundity females differed from low-fecundity females in any way that is obvious to naive human observers, we asked, for each replicate experiment, 52 people from our institute to guess which female of each duo is the high-fecundity one. This was done immediately after the 2-way choice experiments (Supplementary Table S2 ). Because 2 females had died during the choice chamber tests, there were 8 duos to be judged in replicate 1 and 10 duos in replicate 2. The order of judging (the order in which individual observers rated the duos) was randomized for each observer and fitted as a covariate in the model (to control for the possible effect that people might become better at judging over time). For judging, 2 females of each duo were randomly housed in a cage with 2 halves separated by wire mesh. People were asked to write down whether the high-fecundity female was on the left or the right side of the mesh. Across the 2 replicates, we obtained 936 guesses (replicate 1: 52 observers × 8 duos, replicate 2: 52 × 10) from 77 different observers (some participated in both replicates).
Data analysis
Data were analyzed with mixed effect models using the lme4 package (Douglas Bates 2015) in R 3.2.3 (R Core Team 2015). Male, female or human observer identity, and female duo identity were included as random intercepts and the dependent variable was modeled as a Gaussian trait (number of eggs laid, proportion of time) or binomial trait ("correct" choices). Random effect estimates were used to calculate individual repeatabilities in the presence of fixed effects (except for some fixed effects that were excluded from the final model because trends were against the expectation). Repeatability of female fecundity was calculated from the variance component of female identity divided by the total variance (female ID + residual). Likewise, repeatability of male time allocation and effects of "female duo" on "male time allocation to the high fecundity female" were calculated in the same way: male ID/(male ID + female duo ID + residual); female duo ID/(male ID + female duo ID + residual). The significance of random effects was assessed by comparing models with and without the respective random effect using a likelihood ratio test. The resulting P values were divided by 2 (Bolker et al. 2009 ), because when the null hypothesis is true, this test yields "P = 1" in 50% of the cases where an Anova would yield P > 0.5. P values for fixed effects were calculated from t values (with infinite df) when the model output did not provide P values directly. Confidence intervals were calculated as estimate ± 2SE. For all results from choice tests, we report parameter estimates from models rather than averages or proportions calculated from the raw data (e.g., proportion of "correct" choices) because parameter estimates account for the nonindependence of data points. We present all results irrespective of significance and all analysis decisions were made independent of significance (unbiased reporting). Furthermore, in response to requests to assess the replicability of research findings (Freedman et al. 2015) , we present our results separately for each of the 2 replicates. For the assessment of effect sizes, which are often small in evolutionary ecology (Jennions and Møller 2002) , we also present a joint analysis of the replicates.
RESULTS
Fecundity of selected females
The models describing variation in female fecundity in the 2 replicate breeding experiments are shown in Supplementary Table  S3 . After accounting for the social pairing situation, variation in female fecundity was mostly due to differences in readiness to initiate a full clutch (low-fecundity females were less likely to start laying and if they laid eggs, they rarely produced a full clutch, see Supplementary Figure S3 ). In replicate 1, the number of eggs laid by individual females was moderately repeatable (R = 0.45, N = 107 females) and depended on the social pairing situation of the female. Females that were paired for longer and that were bonded more exclusively laid more eggs (see "days paired" and "female share" in Supplementary Table S3 ). In replicate 2, the repeatability of female fecundity was slightly lower (R = 0.32, N = 106). The number of eggs laid by females depended on the number of days a female was socially paired but not on the exclusiveness of the pair bond (Supplementary Table S3 ). Across the 2 replicates, females laid a total of 4041 eggs, 95% of which had been assigned to social parents based on nest attendance (3215 fertile and 625 apparently infertile eggs). Genetic parentage analysis revealed that 222 out of 3215 eggs (6.9%) had been wrongly assigned to a female (a result of egg dumping or take-over of nests). All fertile eggs for which we previously had no assignment to a social mother (n = 141 eggs) were successfully assigned to their genetic mothers based on the molecular data. Taking this into account, differences in "true fecundity" between the selected top and bottom females (based on "estimated fecundity", see Methods for details) were somewhat reduced (Table 1) , as already expected from regression to the mean (Barnett et al. 2005; Kelly and Price 2005) . Still, high-fecundity females had laid about 5 times more eggs than low-fecundity females (replicate 1: 5.7 times, replicate 2: 4.8 times). Moreover, differences in fecundity were confirmed in the later nest-building experiment, where, despite regression toward the mean, high-fecundity females laid more eggs than low-fecundity females (replicate 1: 6.6 times, replicate 2: 2.8 times).
The high-fecundity females were on average slightly heavier (body mass: mean ± SD = 16.44 ± 1.67 g) than the low-fecundity females (15.54 ± 1.51 g; paired t-test on n = 20 duos: t = 2.30, df = 19, P = 0.033) but the groups did not differ in beak coloration scores (high-fecundity: −1.19 ± 0.87, low-fecundity: −1.25 ± 0.63; t = 0.23, df = 19, P = 0.82) or in average responsiveness scores during choice trials (high-fecundity: 0.48 ± 0.11, low-fecundity: 0.46 ± 0.12; t = 0.60, df = 19, P = 0.55) and also not in age when tested for fecundity (high-fecundity: 602 ± 165 days, low-fecundity: 658 ± 165 days; t = −1.38, df = 19, P = 0.18).
Two-way choice tests: male time spent near females
The proportion of time that male zebra finches associated with the high-fecundity female of a duo during the 2-way choice tests was normally distributed (Figure 1) . In replicate 1, males spent on average 55.1% of their active time with the high-fecundity female, which significantly differed from random (n = 104 choice tests, n = 53 males, n = 10 female duos, P = 0.002, Supplementary  Table S4 ). Moreover, this proportion increased significantly (by 9.0%) from the first to the second test of each male (P = 0.0002, Supplementary Table S4), suggesting that males were better at selecting the high-fecundity female on their second test day. None of the female characteristics (beak color, body mass, age, responsiveness) explained variation in male preference (Supplementary Table S4 ). Males that spent more time associating with any of the females ("choosing motivation") did not show stronger preferences for the high-fecundity female (Supplementary Table  S4 ). Individual males were repeatable in their choice across the 2 tests (R = 0.27) but the 10 female duos did not differ consistently in "male time allocation to the high fecundity female" across the 6 test males (R = 0, Supplementary Table S4) .
In replicate 2, the average time spent with the high-fecundity female was 51.4%, which did not differ significantly from 50% (n = 117 choice trials, n = 60 males, n = 10 duos, P = 0.52, Supplementary Table S4) . Also, this proportion did not increase from the first to the second test (P = 0.86, Supplementary Table  S4) . Again, male preferences were neither explained by female characteristics nor by male choosing motivation (Supplementary  Table S4 ), with the exception of a significant male preference for older females. However, we excluded female age as a predictor from the final model, because the estimate was opposite to expectations (younger females show higher fecundity; see Methods for details). Inclusion of this factor did not alter any of the conclusions drawn from the model. In the second replicate, male choice of females was not repeatable (R = 0) and the 10 female duos differed only slightly in "male time allocation to the high fecundity female" (R = 0.09).
A joint analysis of the 2 replicates yielded a weak but significant male preference for high-fecundity females (P = 0.019, Table 2 ). In this model, we added "replicate" (2 levels) as another fixed effect. The model revealed that some of the variance was explained by 
Figure 1
Histogram of the relative time that males associated with the high-fecundity female during the 2-way choice tests. Proportion of time higher than 0.5 (above dotted line in red) means that males spent more active time with the high-fecundity female than with the low-fecundity female ("correct choices"). The y axis shows the number of choice tests (n = 221, each lasting 20 min). The arrow indicates the estimated intercept (population average: 0.53) from a mixed effect model (see Table 2 ). The intercept is tested against 50% (random choice). All fixed effects were mean centred; hence the intercept refers to the average or intermediate condition of covariates and factors. a Covariates excluded from the final version of the model, because the trends were opposite to expectations (suggesting preferences for less red females, less responsive females, older females, and better choices by less motivated males). Inclusion of these covariates has only minimal effects on other parameter estimates. Not included and not shown is a further, post hoc test for male preferences for females with intermediate beak color (estimate ± SE: 0.014 ± 0.026, t = 0.56, P = 0.58; trend opposite to expectation). b The total time the male spent courting or paying attention to any of the 2 females. the random effect "female duo ID" ( Table 2 ), suggesting that male choice for the high-fecundity female was somewhat stronger in some duos than in others (yet this variance component was not significant judging from the change in Akaike Information Criterion, ΔAIC = 1.45, P = 0.23).
We also analyzed male choice as a binary trait ("correct" if relative time with high-fecundity female is > 50%, in a mixed effect model controlling for the same random effects as in Table 2 ). In replicate 1, males chose the "correct" in 64% of the cases (P = 0.019, 95% confidence interval [CI] 52-74%) and in replicate 2, male choice was "correct" female in 56% of the cases (P = 0.32, 95% CI 44-67%). Across both replicates, the proportion of "correct" choices was 59% (P = 0.013, CI 52-66%).
Two-way choice tests: male nest-building
On average, "final choice decisions" (based on the difference in coconut fibres in the 2 nests) were recorded after 4.5 days (SD = 2.2, range 1-9 days). In replicate 1, males built the biggest nest (see Supplementary Figure S2 ) for the high-fecundity female in 62% of the cases (n = 23 males, n = 8 duos, P = 0.33, 95% CI 38-81%). In replicate 2, the proportion of "correct" choice was 60% (n = 29 males, n = 10 duos, P = 0.42, 95% CI 35-81%). Overall, males preferentially built a nest for the high-fecundity female in 61% of cases (n = 52, P = 0.21, 95% CI 44-76%). In the respective mixed-effect model with binomial error structure, the random effect of female duo was not significant (model on both replicates: ΔAIC = 1.42, P = 0.22). In this experiment, highfecundity females laid more eggs than low-fecundity females (see Table 1 ), indicating that males would indeed have benefited from pairing with the high-fecundity female rather than the low-fecundity one.
Human rating of fecundity
We analyzed human responses (binary variable, 1 = correct guess of the high-fecundity female, 0 = incorrect guess, chance probability = 50%) in a mixed effect model with observer identity and female duo identity as random effects. Human guesses were correct in 59.3% of the cases in replicate 1 (n = 416 judgments, n = 52 observers, n = 8 duos, P = 0.088, 95% CI 48-69%) and in 57.3% in replicate 2 (n = 520 judgments, n = 52 observers, n = 10 duos, P = 0.21, 95% CI 46-68%). Across the 2 replicates, the rate of correct judgment was 58.2% (n = 936 judgments, n = 77 observers, n = 18 duos, P = 0.043, 95% CI 50-66%). In this model, the random effect "observer" did not explain any variance (i.e., observers did not differ in their abilities to identify the high-fecundity female) but the random effect of "female duo" had a large effect on human ratings (ΔAIC = 48.1, P < 10 -11 ).
We also compared the human rating and the choices made by zebra finch males of these 18 female duos (Pearson r = −0.16, N = 18 duos, P = 0.53, Supplementary Figure S4 ). This means that there was no "consensus" between human ratings and the choices made by zebra finch males.
DISCUSSION
Limited male abilities
Figure 2 summarizes all tests (2-way choice tests: male time spent near females; male nest-building and human rating) in the form of "proportion correct choices." Across the 2 replicates, only 1 out of 8 tests reached statistical significance and the proportion of "correct" choices does not seem to increase notably when males are given more time to make their choice (from day 1 to day 2 and to nest building).
Our 2-way choice experiments reveal a slight but significant tendency for males to preferentially associate with the higherfecundity female (Figure 1, Table 2 ). When males are given enough time to select a partner (i.e., built a nest for 1 of the 2 females), this bias in favor of high-fecundity females appears to be the strongest (61% "correct choices") but due to a more limited sample size, the 95% confidence interval around this estimate remained rather wide (44-76%). Human observers also demonstrated a significant ability to identify the high-fecundity individual correctly but the rate of correct guesses was not high (58%).
Depending on perspective, the question whether male zebra finches can assess differences in female fecundity can now be answered with either "yes" or "no": "yes" in the sense that we found a statistically detectable effect when averaging among a large number of tests. However, the answer is "no" in the sense that many males still spent more time or built a nest with the low-fecundity female, even though the experimental design maximized the contrast between the 2 females, by picking individuals of high versus low fecundity. In principle, males could have picked up either cues that distinguish females of top fecundity from the population average (high-fecundity females laid 5-7 eggs more than the population mean; see BLUPs in Table 1 ) or cues that identify females in really poor condition (low-fecundity females laid 6-9 eggs less than the population mean; Table 1 ) but apparently neither of these hypothetical cues seem to allow males to reliably choose the better option. Using the BLUPs from our models as a guideline, any randomly chosen duo of females will differ on average by 4.9 eggs, whereas the females we selected differed on average by 13.5 eggs. Thus, at population level, when differences in fecundity become less extreme, we expect male choice to become even less accurate. It is not clear whether variance in female fecundity in our domesticated population is relatively high or low compared to the wild. In our population, variance in inbreeding contributes substantially to variance in fecundity , while inbreeding is almost completely absent in the wild (Knief et al. 2015) . In the wild, environmental stressors may play an additional role but it seems unlikely that males in the wild would often choose between females that differ about four-fold in fecundity (as in our experiment; Table 1 last column). Hence, if the ability to detect differences declines with the magnitude of the difference, we expect that the realized average benefits of male choosiness will be fairly small overall.
Comparison of replicates
Given that many published results do not seem to be robust (Ioannidis 2005; Open-Science-Collaboration 2015) , replicability of research findings is currently a hot topic of debate (Freedman et al. 2015) . In evolutionary ecology, low replicability may be expected because realized effect sizes tend to be small (Jennions and Møller 2002) , so that we typically lack the power to detect these effects (Parker et al. 2016) . The current study can be seen as an example of this situation. The average effect that we describe is modest and rarely reaches significance in a single test (Figures 1  and 2 ). On the one hand, one could say that replicate 2 represents a failure to confirm the findings made in replicate 1, because both the significant intercept and the significant order effect largely disappeared (Supplementary Table S4 ). On the other hand, all observed trends in replicate 2 were in the expected direction, and the estimates are not substantially different from those of replicate 1 (see Figure 2) . Moreover, the weaker effect of male choice for high-fecundity females in replicate 2 (compared to replicate 1) corresponds with less favorable conditions for detecting the effect. In replicate 2, the repeatability of female fecundity was lower than in replicate 1 (R = 0.32 vs. R = 0.45) and the difference between high-and low-fecundity females in how many eggs they laid during the nest-building experiment was also less pronounced in replicate 2 compared to replicate 1 (see last column in Table 1 ). This reiterates the point that male choice should become less accurate as the between-female difference in fecundity becomes smaller.
Absence of reliable cues
Assuming that male preference for high-fecundity females exists, the cues that males have used for the identification of these females remain obscure. High-fecundity females did not signal a higher "readiness to breed" by the use of positive courtship signals like ritualized body postures (bending of the tail, copulation solicitation). The selected high-and low-fecundity females also did not differ in beak color and in the entire data set (2 rounds of aviary breeding) there was no correlation between the total number of eggs laid and beak color (scored on the Munsell scale [Bolund et al. 2007 ] at the age of reaching maturity day 100-120; r = 0.01, P = 0.84, n = 213 females). The total number of eggs laid during the fecundity experiment was related to female age (older females were less fecund) but males did not prefer younger females in choice tests. Most notably, the selected high-fecundity females were significantly heavier than the low-fecundity females and also in the entire data set there was a significant positive correlation between female fecundity and body mass at 100-120 days of age (n = 213, r = 0.20, P = 0.003). Hence, males could use body mass as a cue to female fecundity but it would be a cue that only explains about 4% of the variation in fecundity. This is in line with other studies on birds, where female body mass is only a weak predictor of clutch size (Potti 1999; Haywood 2013; ) . In our zebra finches, female mass at reaching maturity showed a coefficient of variation (CV) of only 9.3% (n = 213, body mass mean ± SD = 15.41 ± 1.43 g), which is similar to zebra finches in the wild (body mass mean ± SD = 12.44 ± 0.98 g, CV = 7.9%); data from Knief et al. 2016 , whereas coefficients of variation can be much higher in reptiles (e.g., 21%, Bjorndal et al. 2013) or insects (e.g., 24.5%, Calvo and Molina 2005) where males show clear preferences for heavier females (e.g., Edward and Chapman 2012) and heavier females indeed lay more eggs (see Introduction for details). In our choice tests, males did not seem to respond to either female responsiveness, female beak color, potential indicators of female age, or female body mass (Table 2, Supplementary Table S4) . Also, Rutstein et al. 2007 did not find that male zebra finches preferentially courted larger females when mixing domesticated and wild birds, which differ markedly in body size ). 
Figure 2
Summary of all tests in the form of "proportion correct choices ± 95% CI" across the 2 replicate experiments. "day 1" and "day 2" refer to the time males spent near the females in choice chamber tests on 2 different days involving the same set of males. "Nest building" refers to the nest-building behavior in the 2-way choice test (involving a subset of the same males) where male choice was recorded before egg-laying. The last test shows the proportion of "correct choices" by human observers. Sample sizes refer to numbers of males with informative trials or to the number of human observers.
Would males benefit from preferring heavy females?
If males had reliable cues to identify the high-fecundity female, they likely would have profited from choosing her. As the nest-building experiment showed, the selected high-fecundity females indeed laid many more eggs than the low-fecundity females (Table 1) , irrespective of earlier investment in egg-laying. Hence, we assume that males were largely unaware of the intrinsic differences in fecundity of the presented females. The most reliable indicator of female fecundity that we identified was female body mass (see above). However, if female mass explains only about 4% of the variance in female fecundity, it probably explains even less of the variance in male fitness in the wild, given that hatching failure and nest predation add noise to the relationship between the body mass of the male's social partner and his lifetime reproductive success. It therefore seems implausible that the small benefits of preferring heavy females would offset the costs of increased male-male competition for the heavier females. This might explain why male zebra finches apparently did not evolve such directional preferences for heavy females that would lead to consensus among males regarding female attractiveness. The observed outcome of male choice tests ( Table 2,  Supplementary Table S4) is somewhat similar to our experience with female choice tests (Forstmeier and Birkhead 2004; Schielzeth et al. 2010) . Females show only a modest repeatability in their individual preferences when tested with the same set of males and females show remarkably little consensus in who they prefer (i.e., low repeatability of male attractiveness; Forstmeier and Birkhead 2004) . In this study, the test males also showed a low repeatability in their individual preferences when tested 2 days apart (R = 0.11, Table 2 ) and there was little between-male agreement on whether the high-fecundity female of a duo was attractive or not (R = 0.05, Table 2 ). Hence, measuring population-wide preferences in choice tests remains a challenge because the extent of consensus among individuals is very limited (Forstmeier and Birkhead 2004) .
In conclusion, our experiments revealed a significant but limited ability of males to select the more fecund female when given a choice between 2 extremes. When given sufficient time for choosing a partner, male success in pairing with the high-fecundity females was only 61% (95% CI 44-76%). Given that the upper limit of the confidence interval lies at 76% of "correct" choices, we can confidently say that male abilities to choose highly fecund females are far from perfect even when confronted with females that differ substantially in fecundity.
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